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PREFACE

This technical report, prepared by the Materials, Fuels and Lubricants Directorate of the US Army
Belvoir Research, Development and Engineering (RD&E) Center, Fort Belvoir, VA, was sponsored
and funded by the US Army Tank-Automotive Command (TACOM), Warren, MI, and the US Army
Materials Technology Laboratory, Watertown, MA. It investigates the utilization of various
antioxidant systems--including blends of two or more antioxidants on various polymers--in an
effort to improve the oxidative degradation of elastomeric tank pad compounds.

Military tracked vehicles are equipped with rubber blocks or endless-band rubber track to reduce
shock, noise, wear, and damage to road surfaces, Historically, field performance of the elastomeric
components r~f such tracked vehicles as the M-60 and M-1 Army tanks has been poor. Current
service life for the M- I tank pads has been reported as low as 300 miles-significantly short of the
2,000 mile life expectancy. The problem is further complicated with off-the-road service conditions
where pads fail at a much faster rate. The severity of the wear is more pronounced on the M- I main
battle tank than on thc- M-60 due to increased weight and speed with a smaller rubber footprint,
which produces higher stresses and heat build-up. Therefore, costly and frequent replacement is
necessary to keep the tanks operational.

Conventional track pads based on styrene-butadlene rubber (SBR) usually fail prematurely in
service because of poor chunking and chipping resistance, excessive wear, blow-out or rubber-to-
metal bond failure. Obviously, improved service durability of rubber track pads would provide
economic, tactical and logistical advantages for modern, high speed tracked vehicles. This study on
antioxidants points out the best protection system against oxidative degradation. 19 f 6..

To improve the quality of tank pads, TACOM sponsored a series of investigations during Fiscal Year
(FY) 1983 to 1987 involving industry, government, and academia, The Rubber and Coated Fabrics
Research Group of the Belvoir RD&E Center conducted a series of studies between FY 1985 to
1987 to improve the service life of tank pads to include: processing variations, filler dispersion,
type of polymer, blend of polymers, curing and filler systems, use of short fiber reinforcement, and
the study of different antioxidant systems to improve heat resistance. This initial study was not
geared to optimize the antioxidant systems but to gather information and create an extensive data
base of available antioxidants. The information collected will be used at later stages in the program
for studies on heat resistance optimization and tailoring compounds to specific performance
characteristics.
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SECTION I. INVESTIGATION TECHNIQUES

OXIDATIVE STABILITY

The properties of polymers change with the passage of time, particularly at elevated temperatures.
These changes may involve chain breakdown (chain scission), crosslink formation, and changes in
the color characteristics of the polymer. For any given polymer or blend, the oxidative stability of
the rubber compound is determined by:

* Service conditions

* Nature of the polymer

* Type of crosslinks

* Choice of antidegradant.

To counteract the deterioration of the elastomer, whether by natural or accelerated aging, it is
necessary to add materials which are capable of retarding these types of deterioration. The proper
cure system can play a very important role in providing good heat or oxidation resistance for general
purpose elastomer systems. It is not within the scope of this report to review these cure systems in
depth; reduced sulfur levels plus increas-td accelerator or sulfur donor will provide major
improvements in heat and oxidation resistance.

The oxidative degradation processes have a common basis in the radical chain auto-oxidation

mechanism originally proposed by Bolland and his co-workers.12,3 The oxidation of elastomers
and other organic materials with elemental oxygen is called auto-oxidation because it is an
"autocatalytic process in which hydroperoxides, formed as the primary product of the reaction,
decompose to produce free radicals which initiate the free radical chain mechanism ultimately
destroying the rubber.

R. + P ------------------------ > ROO.

ROO. + RH -------------------------- > ROOH + R.

The oxidation inhibition processes have been classified in two main types: kinetic chain-breaking
processes and initiation prevention mechanisms. Antioxidants which retard the formation free
radicals in the initiation step are referred to as preventive antioxidants, and those which interrupt the

1 I"r•-••• .•u ,,, , v tN• ,•v••••v •• •,•'(•' u. ,•./••,N•N.•••.t3•' ,• •'O••



propagation cycle by reacting with either R. or ROO. radicals are called chain-breaking
antioxidants. The first type embraces the hydroperoxide decomposers, the traditional metal
deactivators and u.v. stabilizers, while the second type includes the traditional rubber antioxidants,
the aromatic amine, and phenols.

Oxidative aging generally causes a decrease in tensile, tear, and fatigue properties. The effect on
stiffness depends on the formulation and the temperature of aging. Lower temperatures favor an
increase in stiffness, particularly in the early stages. At high temperatures, oxidative aging affects
only the surface since essentially all the oxygen is consumed by reaction with antioxidants or rubber
before it can diffuse into the bulk. Generally, a resinous skin is formed at high temperatures, thus
degradation in the center of a large component is essentially anaerobic. In tank pads, the flexing,
cutting, and chipping actions occur at a faster rate than the formation of the resinous skin; therefore,
extreme care must be used in interpreting aging data obtained from tests on thin strips when
compared with tank pad performance. This type of resinous skin was observed when tensile and
tear strength specimens were heat aged for 4 hours at 300"F.

Before we analyze antioxidants in more detail, it is very important to keep in mind the most
common causes of elastomer degradation, which include:

* Reaction with oxygen

* Heat

* Light and weathering

• Metal ions (pre-oxidants)

* Dynamic fatigue

* Ozone.

COMPOUNDING FOR HEAT RESISTANCE

Even though many studies have been completed about the mechanism of oxidation of hydrocarbons,
the vulcanization chemical reactions of ordinary elastomers is very complicated. With the, possible
exception of radiation and peroxides cures, the extensive mechanistic studies on oxidation are of
little assistance to the rubber compounder. Since the various antioxidants function by different
mechanisms, a material that acts as an antioxidant under one condition may become an oxidation
promoter in a different condition. When used in combination, antioxidants sometimes behave
synergistically; in other cases they can be antagonistic to each other. Furthermore, the level at

which they are used is important since an increase beyond certain critical levels can decrease theI 2



protection given, acting then as a pro-oxidant. It is also clear that the introduction of sulfur-
containing cross-links and the by-products of vulcanization cause wide variations in the resistance to
oxidation of the rubber. For these reasons, in order to optimize for heat resistance, the rubber
compunder is forced to design experiments to select optimum levels and combinations of
antioxidants for any given rubber formulation.

As mentioned earlier, some of the more important causes for degradation of tank pad rubbers ane
heat and dynamic fatigue. Obviously, heat accelerates oxidation and dynamic fatigue can develop
cracks in the vulcanizate surface which, under fatigue conditions, will grow causing catastrophic
failures. The selection of the proper antidegradant system for tank pads is not an easy task and some
of their more important properties must be considered, such as:

* Volatility

* Solubility

* Stability

* Physical state

e Antidegradant concentration.

Due to the service conditions for tank pad applications, the groups of antioxidants given the most
importance were the p-phenylenediamines (PPD), Quinolines (TMQ), and phenols (especially the
ones with more than one benzene ring). The p-phenylenediamines are probably the most effective
antioxidants against oxidation and flex cracking, while the phenols exhibit very low volatilities and
therefore a high resistance to leaching as the temperature builds up on the tank pads. It is obvious
that a volatile antioxidant will only have a limited period of usefulness in the rubber. Table I shows
the melting point of several antioxidants used as an indication of volatility resistance upon aging.
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Table 1. Antioxidant Melting and Boiling Points

ANTIOXIDANT MELTING POINT BOILING POINT
COMMERCIAL NAME 0C O

Ethanx 330 244
Ethanx 702 154
Ethazx 744 298
Ethanox 701 36
Ethyl Antiox~dat 703 94

Ethyl Anioxidmnt 736 124

Flexaminc 0 95-115
Flexzone 7L 50
Plexzorme 6H 110
Pluzone 3C 74
Naugard Q 75
Naugard 445 96.99
Nemgard 47 7 954100
INaugard PAN 55

Naugard BXA 85-95
Octamine 75-85
Permanax TQ 79
ParinAmm WSP 130
Permanax WSO 168
Pemanaux WSL 171
Permanax CNS 298
Permanax DPPD 130
Permana IPPD 70
Santoflex 13 44-49.5
Vanox NmT 250
Vanox ZMTI 300
Vanox 1290 161-14
Vanox 25' 95
Vulcanox 4010 NA 75
Vulcanox MB3-2/MG 290
Vulcanox 4020 45
Vulcanox 237
Wingstay 100 90-105
Wingstay 300 45-50

Agerite Hipar T 70
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Table 1. Antoioxidant Melting and Boiling Points - Continued

ANTIOXCIDANT MELTING POINT BOILING POINT
COMMERCIAL NAME *C

Ageit e~sain D 74
Agenite Whitm 224-230
Agent.e DPPD 144-152
Agento BPS 80-100
Agenite MA 105
Agerite SKT 123-131
Agento Stalin. S 89-103
Abkochem Antioxidant 2246 124
Akochcm PD-i1 75
Akrochom PANA 50
Akmeihem Antioxidant PD-2 45
Aknochem Antdoxidant 58 300
Akrocham Antioxidant DQ 75
Akrochem Antioxidant S 88
Akrochem Antioxidant 36 148
Akrochem Antioxidant MS 290
Aknochem Antioxidant ZMD 300
Aminox 5664 85-95
Antozite 67 40-44
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SECTION IT. EXPERIMENTAL TESTING

APPROACH

Numerous antioxidants were compounded with natural, SBR, nitrile, and highly saturated ninile
rubbers as well as blends of the different polymers. However, the work detailed in this report was
performed on natural rubber. Some of the antioxidant groups used in the study included:

a Hindered "Bis" phenols

e Organic sulfur compounds

* Mercaptotolylimidazole and its zinc salt,

* Phenylnapthylamines

* Dihydroquinolines

* Diphenylamine derivatives

a Substituted paraphenylenediamines

The contol compound used was Natural rubber (RSS-I)-100, zinc oxide-4, stearic acid-2, N-110
carbon black-45, Sulfur-2.5, and N-Cyclohexyl-2-benzothiazolesulfenamide (Santocure)-0.8. Six of
the 95 compounds evaluated also contained 3phr of Antozite 2 (N, N'-di-3r5-methylheptyl]-p-
phenylenediamine). Table 2 lists the chemical and commercial names of the antioxidants evaluated.

Three batches of rubber were mixed and vulcanized for each compound. Thus, specimens used in
each test contain duplicates, since several were taken from each batch to provide the required
number of specimens and to give a representative cross-section relative to reproducibility of
processing and test results. All compounds were cured under the same conditions of time and
temperature as determined from rheometer curves.

It has been reported4 that at an average speed of 20 mph and temperatures of up to 260'F were
observed on the T-142 rubber pads of the M-60 tank. Based on these findings, heat aging at 212*F
and 2501F were selected as the critical temperatures for evaluation of tank pad materials.

6
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Table 2. Anitioxidant Chemical and Commercial Names

CHEMICAL NAMES COMMERCIAL NAME

1. N. N'-Bis-(l ethyl.3.meothyl pentyl)-p-phenylffnedilsne Antozite2

2. N, N'-Di-beta-naphthyl-p-phenylenedinmne Age7ite White

3. Polymerlzed 1, 2.dihydro-2, 2,4-trimethylquinodzie Agerit. Resin D, Agelt MA, Naugr Q,
Akrochern Antioxidant DQ, Peollna TQ

4. 50% Phanyl-botanaphthylamnine. 25% DPPD, Agerit. Hipar
25%-p-Iaopropoxydiplrnnylsn'lne

5. High templ ri ale mct product of diphenylsudn and Agerit. Superfiex & Superlx Solid 0, BLE 75
acetone (murucwre not disclosed), Naugard EXA includes (75% active), Permasnax. BL, BLE 25, Nauar EXA
also reaction with formnaldehyde

6. 6.Ethoxy41, 2.dlhydro.2. 2, 4,.tnimethyl-quinoline Sanole AW

7. 5096 Alkcylated diphernylsmlnies (Agerit. Stalite S), 25%6 High Agerite Hipar T

temperature reaction product nf diphatyisnilne and acetone

B. Mixed ditolyl PPD (undisclosed amcwnr) Wingstay 100

9. N-1, 3-dimethylbutyl-N'-phenyli-p-phenylenedlamlne Wingetay 300. Akrochern Antioxidant PD-2, Santoflex 13,
Antozits 67, Vulcanox 4020, Plexzone 7L

10. Octylated diphenylamine (structure not disclosed) 0octaine, Agerit. Stalite, Agerit. Stalite S. Almochem
Antioxidant S

11. 2.2'-methylene-bls.4methyl.6-t-lbutyl phenol Akrochem Antioxidant 2246

12. N-isopropyl-N'-phenyl-p-phenyluie diainine Akrochaii Antioxidant PD-i, Parmanax IPPD,

Vulcgnox 4010 NA, Flexzone 3C

13. Phanyl-alpha-naphthylamin Akrochem Antioxidant PANA, Natigard PAN

14. N, N'-Dyphenyl-p-phenylenedlamine Agerit. DPPD, Permanax DPPD

15. 65%6 Diarylanlne-Icetone reaction product 35% DPPD Flexamine G

16. 65%6 Alkylated diphenyimmlnes, 35% LJPPD Agerite HP-s

17. Phonyl-beta naphthymlunne Additin 30

18, 2-Mercaptobenzixn-idazole Akrochern Antioxidant MB, Vulcanox MB-2 MG

19, Zinc-2-mercaptoblenzirnidazole Akrochenm Antioxidant ZMB

20. 2-Marcaptotiolylimidazole Vanox MTI

21. 2, 6-Di-t-butyl-alpha-dimenthyl kinino p-crcsol Ethanox 703

7



Table 2. Antioxidant Chemic~al and CotnmerciaI Namnes-Continued

CHEMICAL NAAME COMMERCIAL NAME

22. 4, 4%T- o-bls-(2-mehYl-6-t-buyl pixenol) Ethanox 736

23. 3. 5.Di-t-Butyl.4Hydroxyhyodimd nloe Acid Thieater with Agerit. SKT
1. 3, 5-Trdg (2-Hydroxy-Edyiy-s-Thiazin-2,4, 6.(lH, 3H1, 5H)

24. Zinc 2-Morcqptomlylimiduole Akrochunm Andoxidant 58, Vmnox ZMTI

25. Polymeric phumol Akiochern Antioxidant 36

26. 2. X-Meihylumebis (4-meihyl-64-(1-eihyl-cyclohuxyl) phenol) Permanax WSP

27. UqLd Alklated bla-phatnola (snwtre not disclosed) PenWmaxWSO

28, Alkylatad phenols (saucturo not disclosed) Pusmanax WSL

29. Blend of Alkyl and Azyl p-phanylens diamines Flexione I IL A 12L

30. N.Cyc~lohexyl.N'.pbenyl-p-phsnyloen-dahimn. Plexzone WK

3 1. N, N'.Bis.(1, 4-dame hylpentyl)-p-phenylenudlanln Vuloanox 4030, Plexzon. 4L

32. PPD Blends Sawlflex 134D, Flexzone 15L

33. 4, 4'.Methylrn.bis.(2, 6-dI-t-biatyl pheowl) Ethanox 702

34. 2. 64dtart.butyl phenol Ethmnox 701

35. 1,3, 5-Trirnethyl-24.4,6-Tram (3, 5-Di-t-Bmatyl-4- Ethanox 330
Hydroxyberazyl)-Benzo.en

36, Styronated pheowl (mlxwre of mono, di. tri) Vanox 102

37. 2. 2'Ethylidenebis (4, 64d-t-butylphanol) Vmnx 1290

38. 6-dodecyl-l, 2-dihychro-2, 2, 4-tri-mediylquinollne Saarloflex DD

8



All tensile strength specimens were prepared according to ASTM D-412, Test Methods for Rubber
Properties in Tension, using Die C specimens. The results reported in Table 3 are the average of
three specimens. The tensile strength determinations for 212"F and 250*F were cinducted at room
temperature after aging for 70 hours at the elevated temperatures. The specimens used for the stress
relaxation test were of the same type of those described Type B specimen in ASTM D-1053, Test

Method for Rubber Property-.tiffening wa Low Temperature: Flexible Polymers and Coated
Fabrics. The figure below illustrates the Type B specimen dimensions. The specimens for the
differential scanning calorimetry work were prepared by cutting small portions of rubber from a

6 by 6 inch standard vulcanized sheet as described in ASTM D-3182, Practice for Rubber-
Materials, Equipment, and Procedures for Mixing Standard Compounds and Preparing Standard
Vulcanized Sheets, The rubber was then weighted to approximately 20 mg. To prevent wide
thermal variations, hermetically sealed sample pans were used.

I I ....... 5"
.25" 1 25

EVALUATION OF ANTIOXIDANTS

The evaluation of antioxidants is a very difficult process since many variables can affect the results
and confuse the issue. For example, retained tensile strength is often considered one valuable test,

but in many cases shows either no effect at all or an opposite effect to that expected. This is true
particularly in SBR or BR, while tensile is more reliable in natural rubber. In this study, both
properties (tensile strength and elongation) were measured to eliminate any evaluation bias. The
tensile strength and elongation retention were measured after 70 hours heat aging at 212*F and
250 0F. The product of tensile strength and elongation is shown in Table 4 to highlight the effect of

* •aging for the different antioxidant systems. Table 5 provides conversion factors to convert results to
SI.

In most rubber formulations and under most circumstances, the elongation of rubber decreases faster

during aging than its strength. Thus elongation is a critical parameter and the rate of its decrease
determines the useful life of rubber at a given temperature. 5 Consequently, the loss of elongation
may be a more sensitive criterion for aging measurements regardless of mechanism, over tensile loss
for cured compounds. However, since the work detailed in this report deals only with natural
rubber, retention of tensile strength and elongation after aging at 250'F is used as the main criteria
to rank antioxidant efficiency. Consideration is given to the level of the original tensile strength
along with the retention upon aging, Tables 3 and 6 illustrate the ranking on all compounds tested.

9



Table 3. Effect of Antioxidants on Physical Properties

TENSILE STRENGTH
FORMULATION TENSILE

ID COMMERCIL4 NAME ANTIOXIDAIT TYPE (PSI)

A Naeu 3767
B Artosise DirAl PPD 3750
C Agedi Wbil. DlasIIPPD 3408
I) Apsis ReomD qdawnlin 3683
a Apsis. Resin Djflisit Q wUwnl~udwyl PPD 3033
F Ageda Redsi DIAMM/Antomaw2/Asomeese qsifolln/~tl PPDID~akYI PPI) 3733
0 Apmaezw 3033
H Apsis HipesAnsmaits Bluidod AminedUlalyl PPD 3700
1 Soostaimz AW/Agasiz. Qui~nolnsDimkyI PPD 3367
1 Ageds. Iupuflez Solid G/AzMcis Casbcamyi-emm Cmuadmsaion Pvodg~ekyl PPD 362S
K Apsis Hipa T/Sumnsola AW/AntaodWe Coed Pr~ioNQIueD lslkyl PPD 3575
L Agesis Whiowdisper Solid, O/Amtom:We Coed Pro*Diakyl PPD/DaXyl PPD 3767
M Wingmsy 300/AZnOis. A~klWAjyl PPD/iD~akyl FPD 3733
N wingsaay 1O Mlod Ditolyl PFD 3150
O Oaaslami D49mAylnlns 3917
P Akeolam Aadooddus. 2246 Hfindaud BimpholUO 37833
Q MAlscdes Aziladdm PD-1 AlkyIAzyi PPD 39833
R Akrochsu AWWlodAs PANA Phenyl-g-Naplashyloanine 3767
S Agerita DPPD Dblaz' PPD 3747
T Plawmin 0 Blended Aminos 3917
U Agsitse UPS DMeadod MAmsn 3758
v Akodma Andomideg PD-2/Satofll 13 AWkylAayl PPD 3687
W Addiala 30 N*phhylunin 3910
X DLE 75 Csataanyl-amine Candmnsdon Product 3883
Y Andoxidom MB (Mobay) Mm"Papceimuld"Aale MDI 373?
z AntAwddeam ZIB A obMay) Mercepcbuaiunldaaole Zinc oak, ZMBI 3673
AA Vanoz mil Memcptsylinidamole, NMT 3607
BB April. MA Qulnolim 3447
cc Ethyl Andozldmso 703 Hindiored Biapitatol 3370
DD Ethyl Ansineidama 735 Hindered Diapheoma 3300
BE Anilaudwan MBI/aedae Resin D Mtsweddaojuiln 3290
PF Amilaldma 7DB/Apris. Reain D Isepouumdzl Zinc ualsuinoline 3240
Go Vaono M'=Agerisa Resin D ?&u~mnascny1idlmeaole/Quinoline 3200
HR Apterls.KT mlohasss3537
11 AprMseStalimeS DlMplunylownime 3807
11 Aget.Shiw& Diphanylrnliam 3690
KK Antmozit 67 Aiky-Aryl PPD 3337
LL Aprits Resin D/Smntoilme AW Alkyl-Azyl PPD/Quinoline 3327
MM Sunsclex 13 Alkyl-Aryl PPD 3904
NN11 Akauclsem Ausdoatldm 58 Moremptaolyllanldazole Zinc salt, ZMa 3940
00 Akrochumi Andauldem DQ Qulnolim 3977
PP Akrociam AntioxddAn S Diphamayluunim 3943
QQ Akmebam. Antioxidasm 36 Hindered Phenol 3597
RR Pomunns TQ Quinoline 3693
SS PamwAux DL Carbonyl Amine Condensation Product 31833
TI' Penmam"e WSP Hindered Bispheowl 3807
UU Pennnsa WSO Hindered Dhaphenol 4323
VV Penmnarm WSL Hindened Phenol 3857
WW Permmne CNS Blend of Non-statining Antioxidants 3740
XX Permune DPPD Diasyl PPD 3777
YY Nnemama JPPD Aikyl-Aryl PPD 3860
ZZ Vulesomm 4010 NA Alkyl-Aryl PPD 3787
AX Vulcenoat MR-2/MO Mercalmuiolyllznlddale, Mn' 3630
DX Vulcancz 4020 Alkyl-Aryl PPD 3723
CX Naugussi Q Qulnolhise 3655
DX Naugard 445 Diphanylunine 3750
EX Nsulard 447 Blended Amnine. 3750
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Table 3. Effect of Antioxidants on Physical Properties-IContinued

TENSILE STRENGTH
FORMULATION TENSILE

IV COMMERCIALNA E ANTIOXIDANT TYPE (PSI)

FIX Namsgud PAN Nqkthyluine 3770
ox Nspird BXA Rx Prod of Diphmnylesnine, asotone & fonmaldehyde 3600
lIX Nusged QMNenged 445 QisnlluDD lphenYlmine 3310
ix Numrd BXAjNmsupd Q Phn~zu'ldedFenol 3933
YX Flazmml1L Blendof PPD 3675
ICC Plumin 7L AUMy-Azy PPD 3870
LX Vulosmns 4030 D~akyl PPD 3997
Mx Vmne ZM17 Meopnllmd zal inc sa1t, ZvMT 3403
OX Penwnsm BL Cuotyl-omift Cooadmnstion Product 4067
PX Flamm nu5L Bled ofPPD 4150
QX Fleamme 6H Allyl-AryI PPD 4200
EX Flezuom 3C Aiky-Azyl PPD 3317
SX Flassone4l. DI~ky1PPD 3900
TX Fleammn IIIL Blend ofPPD 3750
UX Flunamm HIS 4100
VX Aksochem Andoxid-An 53 Mholsocylmd l &ic salt. Z72r I 3867
VA Awinosi 5664 CMOndssWolk Prodcts 3967

XI Ethmnost 330 muoiscllsus 41833
ZX Edimnosi 7M Hindered BisphUIO 3950
AAX Hiheno 744 4283
BBX Ethana 701 HIndared, Phenol 4250
CCC Anicaila 67 Alkyl-Azyl PPD 3825
DDX BLB 25MP~nisezu 0 Cazbonyl-achan Cond Prod/lended Amine 3633
BEX Santotle 13 Alkyl-Aryl PPD 3767
FFX Sautotlex 13/Agorka Resin D Aikyl-Aryl PPD/ulnollne 3950
aox Sesttolae 13/A1d MA AlkylAryl PPD.QunI~n 2667
HIDC April Rasin DISanes"Ua/Vnox MITI AlkyL-Azyl PPD4/ulno~lne/hMT 4193
lix AprMl MA/Sonto*Im 13/Vanx MTI Alkyl-Azyl PPfl/ulncl~mInMT 19833
;3x Aprit. Superfte Solid U/R~esin D/Vaici DMT Cond Prod unoillm=dT 2217
KMCI Aeril. Shsis. S/Resin M/aom M71 D*=lplam t$Qam ReslOll bM1 36833
LLX Vanox 1320/SentofelWApdrte Resin D Alkyl-Aryl PPD/Quino~lne/Hflndered BisplIWIOI 2383
N=X Sauiotlae 134D/Agwits Resin D/Vanos 102 Aiky-Aryl PPD/Quinollneftlindered Phenol 2200
NNX Santieft 134D/Agwent Resin DIV&=a 1290 Alkyl-Asyl PPD/Quinoline/llfndered Disphenol 22833
OOX Sentofta 134D/Atedto Rasin D/Vanox ZS Akyl-Aryl PPD/ vnollnel1ndesrd Phenol 1850
PPX Satfnmle 134D/Agedz Ruin D/Santofie DD Aikyl-Afyl PPD/tQnnoUne/Qu~oimn 2000
QQX Smnzolia 134D/Ageriza Resin D/Vanox M71 Alkyl-Aryl PPD~uinolinulM 1567
RRX Smnwtils 134D/Agedi Rosin D/Santoflex 13 Aikyl-Atyl PPD/ulno~inc/Alkyl-Aryl PPD 3967
SSX Santollex 13/A1i1 Resin D/DTDTDP Aikyl-Asyl PPD/Quinolinm 4163



Table 3. Effect of Antioxidants on Physical Properties-Continued

TENSILE STRENGTH ULTIMATE ELONGATION
FORMULATION *212-F *280F ORIGINAL 0212OF *250PF

ID COMMERCIAL NAME (PSI) (PSI) (M) (M) (M)

A None 1550 442 457 210 43
B AnktW12 2173 467 480 263 53
C AgaltsWhi. 1917 500 433 247 43
D Awu•t iRadi D 2540 558 457 283 07
B Alttia Ruin D/Whi. 2300 467 447 290 50
F A&Isa Ruin D/WhWAiadwWAsm r 3650 993 567 517 160
O AgummMw 3033 707 427 427 103
H Agedw ipulAnamled 2753 637 493 330 87
I Smafln AWlAOW102 2650 510 510 317 60
3 Aguks Supemd Solid O/Anwzi 2 2530 550 510 330 83
K Agrfhe Hipw TiSaauluh AW/Anztma 2 2453 590 500 323 87
L Agwui Whi/S~uper Solid I/Awtots2 2453 620 510 323 83
M Winft y 300IAntostm2 2023 540 513 287 67
N Wiiptay 100 1737 533 480 233 60
O Octmmkw 1497 590 477 237 87
P Akroahn Anloxidiat 2246 1136 500 477 193 67
Q Akochm Andcatddmt PD-I 1564 530 483 223 67
R Akracm Andxidmdt PANA 1170 457 480 217 60
S Apiita DPPD 1988 643 450 247 s0
T F•luamim G 1720 600 477 230 77
U ASI HPS 1621 610 460 220 s0
V AkNiimjr Aniddmt PD.24dmollz 13 1800 303 510 243 73
W Addln 30 2110 337 513 253 73
X BLE75 2243 293 527 273 70
Y AnMdoaidt MB (Mabey) 3033 553 550 387 127
Z Antoxidatt ZMB (Malay) 2703 387 517 333 97
AA Vanox Mr 2317 497 540 383 120
BB Aerhi MA 2390 503 $07 297 83
CC Ethyl Anioidmnt 703 2453 457 477 297 77
DD Ethyl AAotdut 736 1870 413 503 250 70
RE - Andoxidmt MB/Agwim Resin D 2297 600 557 387 120
FF Andnodant ZM/Alledw Rain D 2760 633 537 340 113
GO Vaiox WI/Alerits Ruin D 3033 703 433 163 133
HH Agedw SKT 2447 433 510 320 63
r1 Agervi $tufal S 2590 517 493 323 s0
33 Asefite StaUlt 2727 537 497 337 83
KK Antozie 67 2597 483 520 313 73
LL Agorit Realn D/Smtofiex 3200 933 583 450 143
MM Swtoflx 13 2433 533 523 303 73
NN Akrodmm Andoxiddmt 58 2847 533 517 350 77
00 Akmodeun Andoxidmt DQ 2270 493 503 290 63
PP Akrochem Annoxidant S 2333 560 500 310 77
QQ Akrmdem Aatoxmiddmt 36 2067 517 483 283 70
RR Pwmmax TQ 2297 505 487 313 83
39 Permmaa BL 2427 497 517 330 77
7r Pamwmut WSP 1853 527 497 270 s0
UU Pmmnax WSO 1770 522 510 263 73
VV Purmmux WSL 2100 457 490 287 70
WW Pernn CNS 2150 503 530 303 90
XX Pe'mua DPPD 2180 500 4'93 317 60
YY Pmanmx IPPD 2240 463 520 313 77
ZZ Vulcanox 4010 NA 2373 513 527 300 83
AX Vulcamx MB-21Ma 2977 547 540 387 120
BX Vulcanox 4020 2520 508 510 323 80
CX Naugard Q 2777 617 500 337 80 ,
DX Naugard 445 2597 637 500 323 53
EX Naugard 477 2570 542 500 320 73

12

LI



Table 3. Effect of Antioxidants on Physical Properties-Continued

TENSILE STRENGTHI ULTIMATE ELONGATION
FORMULATION 9212"F *20SF ORIGINAL 0212"F 0250@F

ID COMMERCIAL NAME (PSI) (PSI) (%) (M) (%)

liX Nmiptd PAN 2733 598 490 317 77
OX Nalpud BXA 2230 637 St0 347 77
HX NwmapN Q/Naugard 445 2613 580 540 323 73
IX Naupid BXAiNaurgd Q 2550 553 537 320 63
x Plmua. 12L 2630 670 540 287 93

ICC Plua7o L 2623 597 520 320 73
LX Vakuoa 4030 2677 600 530 347 90
MK Vm4zMT1 2958 621 537 405 90
OX Pmm BIaxBL 2887 698 520 377 87
PX Flamzmm 15L 3080 613 540 403 80
QX 1 u 4GH 2980 657 537 387 77
RX Plkaumn3C 2657 653 550 353 87
SX Plaxim• 4L 2797 617 497 377 80
IX Pxe IL 2727 585 497 3V7 77
UX Palaoe HS 2793 648 517 367 77
VX Akiodkem Andozidet 58 3373 783 540 473 123
WX Amino M6 29M 797 573 397 80
XO2 Ethsnan 330 2430 703 523 337 87

zx hhmno 702 3577 653 560 360 80
AAX Edmnoa 744 3065 697 527 420 t10
BBX 1111=01 701 2630 690 560 393 90
CCX Antoilat 67 2983 592 533 350 67
DDX BLE 25MPsltm ne0 2892 775 560 433 98
mi Santolla 13 2263 653 530 413 103
SSatofla. 13/AgedP Ruien D 2650 650 543 463 90
GOX Sitoflu 131Adtw, MA 2327 757 533 410 103
HHX Agudl Ruin D/Smtoflu 12/Vinmx MTI 2573 753 573 370 90
cIX Aerfia MA/Sa•t•lx 13/Vinox MTI 2607 803 503 453 130

JIX AgerkM Supwilfm Solid eksi D/Vanac MTI 2793 790 480 500 123
KKX Agert talita S/lAsin D/Vnox 1aM 3313 1018 597 510 167
L.LX Vanox 1320fSantonui 13/Asert4 Resin D 2120 794 437 393 113
MuX Sutoflh 134D/Agurle Resin D/Vmnox 102 2120 767 460 373 97
NNX Swole 134D/AlterIu Resin D/Vam 1290 2117 765 470 370 97
OOX Sutofl•h 134D/Apdte Resin M/Vumo ZS 2353 773 417 397 100
PPX Smtofila 134DIAedrie Ruin D/Santolo. DD 1963 733 470 387 107
QQX Santoflax 134D/Asfriu Resin D/Vanox IM 2750 838 417 503 140
RRX Snmtoflex 134D/A itks Resin D/Santoflex 13 2690 813 510 400 97
SsX Santoflu 13/Agiwita Resin D/DTDTDP 2633 787 523 363 97
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Table 4. Retention of Physical Properties After Aging at 2501F

ORIGINAL TENSILE ELONG RET TEN RET TENOELONG
FORMULATION TENSILE 20 02"•8 2W0F *250'2 F

ED COMMECIAL NAME (PSI) (PSI) (M) X 1000

A Non 3767 442 43 11.7 19.01
QQX Sont•ab 134D1Agashu Rein D/Yi MhIM 1567 838 140 53.4 117.32
O0X Slntoftez 134DIAsda Ruin DVmO ZS 1850 773 100 41.8 77.30

UK AtAes MA/Sanufl 13/Vmoz N 1933 803 130 405 104.39
PPX $antofum 134D/Asmth Rein D/Sansofml DD 2000 733 107 36.7 78343
J3X Aperit L•,-wui. Solid ORiain D/Vman MTI 2217 790 123 35.6 97.17
MMX Smanolz 134D/Aietu R&au D/A% 102 2200 767 97 34.9 74.40
NNX Sanoami 134D1Aguuz Redo DIVmWA 1290 2233 165 97 33.5 74.21
LLX Vano 1320/$mtoflax iIApfil Rsin D 2383 794 113 33.3 89,72
OCX Santo"ag 13/Awlits MA 2667 757 103 28. 77.97
LL Agred• Resin DIMtcfl.x 3327 933 143 28. 133.42
KIO Apde StllSaa Sesin D/Vaa MTI 363 lots 167 27.6 170.01
F Aprt. Resin D/WhiWAntos:W2/As8maser 3733 993 1 0 26.6 153.88
a Apmumr 3033 707 103 23.3 72.82
Go Vanox/V M /Aas. Ruin D 3200 703 133 22.0 93.50
DDX BIE 25/F1atamim O 3633 775 93 21.3 75,95
RRX Santofin 134D/Agsedt Rein D/Sanwfl•x 13 3967 313 97 20.5 78.36
VX AkochbAn Aawidant 58 3867 783 123 20.2 96.31
WX Aminot 5664 3967 797 30 20.1 63,76
FF Anwiadamt ZMB/Aritm Ruin D 3240 633 113 19.5 71.53
SSX Santoul. 13/Aserko Ruin D/DTDTDP 4183 787 97 15.8 76,34
HE Andouldmt MB/Alerita Ruin D 3290 500 120 18.2 72,00
"IX Flaume 12L 3675 670 93 18.2 62.31
"MX Vsa ZMT 3408 621 90 18.2 55.39
HHX A tedts Roian D/Svmtdlex 13/Vmoz Ma 4183 753 90 18,0 67.77
QX Naulad HXA 3600 637 77 17.7 49.05
SEX Santoflat 13 3767 653 103 17,3 67.26
H Aledi-s Hlpu/ArnoiA t2 3700 637 87 17.2 55,42
OX Parma= BL 4067 698 87 17.2 50.73
S Agrits DPPD 3747 643 80 17.2 51.44
RX Flutwms 3C 3817 653 87 17.1 56.81
DX Naugard 445 3750 637 53 17.0 33.76
CX Naugard Q 3655 617 80 16.9 49.36

EX2 tdhotmo 330 4183 703 87 16.8 61.16
ZX Msonox 702 3950 653 s0 16.5 52.24
K Alwts Hlpa T/SIatoflex AW/Antoxisa2 3575 590 87 16.5 51.33
L Apitei Whihe/Supsr Solid O/Antoztt*2 3767 620 83 16.5 51.46
FFX Santoflax 13/Auerhe Resin D 3950 650 90 16.5 58.50
AAX Bthanox 744 4283 697 110 16.3 76.67
BBX Ethumo 701 4250 690 90 16,2 62.10
U Apgd. HPS 3738 610 so 16.2 48.30
FX Naugard PAN 3770 598 77 15.9 46.05
SX Fluxume 4L 3900 617 80 15,8 49.36
UX Pluzane HS 4100 648 77 15.8 49.90
QX Plax=m* 6H 4200 657 77 15,6 50.59
TX Fleuzane 11L 3750 585 77 15,6 45.05
CCX Antouxls 67 3825 592 67 15.5 39.66
LX Vulamnax 4030 3837 600 90 15.4 54.00
KX Fluxzone 7L 3870 597 73 15.4 43.55
T Pluxamnln G 3917 600 77 15.3 46.20
IIX Naugard Q/Naugard 445 3810 580 73 15.2 42.34
i Alerit Superflex Solid O/Antoite2 3625 550 83 15.2 45.65
D Ageriw Resin D 3683 558 67 15.2 37.39
S Agerita Resin D/White 3083 467 50 15.1 2.1!35

AX Vulcanux MB-21MC 3630 547 120 15.1 65.64
0 Octamlia 3917 590 87 15.1 51.33
PX Plxizone 1SI. 4150 613 80 14.8 49.04
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Table 4. Retention of Physical Properties After Aging at 250 0F--Continued

ORIGINAL TENSILE ELONG RET TEN RET TEN*ELONG
FORMAULATION TENSILE *2607 *250IF 025WF 0250OF

ID COMMERCIAL NAM, (PSI) (PSI) (%) (W) X 1000

C Agtita While 3408 500 1,3 14.7 21.50
Y Andoiddat MB (Moby) 37V7 553 121 14,6 70.23
BB Apdle MA 3447 503 83 14.6 41.75

J1 Apito Stdw 3690 537 83 14.6 44.57
M WinptW 300//Azote 3733 $40 67 14.5 36.18
EX Naus&d 477 3750 542 73 14.5 39.57
QQ Akmrohm Anrtoxldant36 3597 517 70 14.4 36.19
N Wizaptay 1C0 3750 533 60 14.2 31.98
PP Aaachom Andoxidant 5 3943 560 77 14,2 43.12
DC Naupud BXAJNauiud Q 3933 553 63 14.1 34.84
Tr PemaMUWSP 3807 527 80 13.8 42.16
AA VmmbTI 3607 497 120 13.8 59.64
RR PUAMTQ 3693 50 83 13.7 41.92
MM Santoflu 13 3904 533 73 13.7 38.91
BX Vulamnot 4020 3723 508 80 13.6 40.64
1I Alphe StaihR S 3807 517 s0 13.6 41.36
CC Ethyl Antoxidanat 703 3370 457 77 13.6 35.19
ZZ Vulmwx4010 NA 3787 513 83 13.5 42.58
NN Aknachan Autaoxidwnt 58 3940 533 77 13.5 41.04
WW Penum CNS 3740 503 90 13,4 45,27
Q Akoehem Antoidant PD.1 3983 530 67 13.3 35.51
XX Pgnmam DPPD 3777 500 60 13.2 30,00
P Akioohem Asmioxidnt 2246 3783 50 67 13.2 33,50
I Satoflax AW/Antoaita2 3867 510 60 13.2 30.60
S8 PsumannBL 3783 497 77 13.1 38.27
DD Ethyl Andoxkilanz 736 3300 413 70 12.5 28.91
B Anto"a2 3750 467 53 12.5 24.75
KK Antaie 67 3887 483 73 12.4 35.26
00 maohuem Antmnidmut DQ 3977 493 63 12.4 31,6
HH Apduo SKT 3537 433 63 12.2 27,28
R Aknhim Atmioxidanrt PANA 3767 457 60 12.1 27,42
UU Pennmz WSO 4323 522 73 12.1 38.11
Y'Y Pamamx IPPD 3860 463 77 12,0 35.65
VV Psfuma WSL 3857 457 70 11,8 31,99
Z AnModdant ZMB (Mobay) 3673 387 97 10.5 37.54
W Adddn 30 3910 337 73 8.6 24.60
V Akroohmm Antioxidant PD.2/Santoflax 13 3687 303 73 8.2 22.12
X BLE 75 3883 293 70 7,5 20..'1
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Table 5. Conversion Table

U.S. to SI

I 1Iwon. 6.894757 kPa

lb (Avoir) - 0.536 ks

OF - 9/5(0+32)

sq in. (IlL2) -64516 cm2

ibin. -175.1268 N/rn

ilL 25.4 mlflimat

Mu l .0254 mlliinmetr
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Table 6. Physical Properties by Antioxidant Type

TENSILE STRENGTH ULTIMATE ELONGATION
FORMULATION ORIGINAL 02127 0250OF ORIGINAL 02121UF 0250FF

ID ANTIOXIDANT TYPE (PSI) (PSI) (PSI) (M) (M) (M)

A 3767 1550 442 457 210 43
AAX 4283 3065 697 527 420 110
UX 4100 2793 648 517 367 77
a 3033 3033 707 427 427 103
QX Alkyl.Aryl PPD 4200 2980 657 537 387 77
Q Alkyl.Aryl PPD 3983 1564 530 483 223 67

IM Aikl-Akyl PPD 3904 2433 533 523 303 73
SAlkyl-Ayl PPD 3887 2597 483 520 313 73
I lAky1A.Ayl PPD 3'70 2623 597 520 320 73
YY Alkyl•.Ayl PPD 336 2240 463 520 313 77
CCX Alyl-Aryl PPD 3825 2983 592 533 350 67
RX Alkyl-Azyl PPD 3817 2657 653 550 353 87
zz A tkyl.Aryl PPD 3737 2373 513 527 300 83
REX Alkyl.Atyl PPD 3767 2263 653 530 413 103
BX Alkyl-Awyl PPD 3723 2520 508 510 323 80
v Aikyl.-Ayl PPD 3687 180 303 510 243 73
M AIkyl.Ary1 PPDIdIaky1 PPD 3733 2023 540 513 287 67
SSX Aiky1.AryI PPD/u1mimmi 4183 2633 787 523 363 97

S Alkyl.Ayl PP.• D/j oUD 3950 2650 650 543 463 90
LL Alkyl-Aryl PPD/jAUIU m 3327 3200 933 583 450 143
oCx Alkyl-Avyl PPD/QuhnoU 2467 2327 757 533 410 103

RRX Alkyl.Aryl PPD)QuinoIn/1AIkyl-AfyI PPD 3967 2690 813 510 400 97
LLX Alky-l.Arl PPD/) oinsMin/Hdmead Blaphaenl 2383 2120 794 487 393 113
NNX Alkyl-Aiyl PPD/uInoillne/indevmd Dialphmol 2283 2117 765 470 370 97
MMX Alkyl-Aryl PPD/QuInalaweUindefd Phlel 2200 2120 767 460 373 97
OCX Alkyl-Atyl PPDI)uInllne/Iindermd Phenol 1850 2353 773 417 397 100
HHX Alkyl-Aryl PPDiQulnolie/MTI 4183 2573 753 573 370 90
mc Alkyl-Ayl PPD/QuinoWneMTI 1983 2607 803 503 453 130
QQX Alkyl-Azyl PPD/QuadlnofwMTI 1567 2750 838 417 503 140
PPX Alkyl-Aryl PPD/Qulizaone/Quinoline 2000 1963 733 470 387 107
WW Blend of Non-staunln8 Antiotildants 3740 2150 503 530 303 90
PX Bliand of PPD 4150 3080 613 540 403 80
TX Blaind of PPD 3750 2727 585 497 387 77
YX Blend of PPD 3675 2630 670 540 287 93
T Blended Aminu 3917 1720 600 477 230 77
Tj Blended Amino 3758 1623 610 460 220 80

EX Blended Aminu 3750 2570 542 500 320 73
H Blende Amne/IDialkyl PPD 3700 2753 637 493 330 87
Ss Carbonyl Amine Condensation Product 3783 2427 497 517 330 77
DDX Carbonyl.amine Cond Prod/Blended Amine 3633 2892 775 560 433 98
OX Carbonyl.amine Condntion Product 4067 2887 698 520 377 87
X Carbonyl.amlne Condensation Product 3813 2243 293 527 273 70
1 Carbonyl-amine Condensation Prod/Dialkyl PPD 3625 2530 550 310 330 83
L Cond Prod/Dialkyl PPDIDIaryl PPD 3767 2453 620 510 323 83
K Cond Prod/QuinoUne/Dalkyl PPD 3375 2453 590 500 323 87
JjX Cond Pvd/uinolne/M'fl 2217 2793 790 480 500 123
WX Condensation Products 3967 2900 797 573 397 80
SX Dial1 PPD 3900 2797 617 497 377 80
LX Diulkyl PPD 3887 2677 600 530 347 90
B Dialkyl PPD 3750 2173 467 480 263 53
xx Diayl PPD 3777 2180 500 493 317 60
S Diaryl PPD 3747 1988 643 450 247 80
C Daryl PPD 3408 1917 500 433 247 43
PP Dlphenylornine 3943 2333 560 500 310 77
O Diphenylahmne 3917 1497 590 477 237 87
II Diphenylamtne 3807 2590 517 493 323 80

DX Diphenylamine 3750 2597 637 500 323 53
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Table 6. Physical Properties by Antioxidant Type-Continued

TENSILE STRENGTH ULTIMATE ELONGATION
FORMULATION ORIGINAL @212"F 0250"F ORIGINAL 0212-! 025o0F

ID ANIOXDANT TYPE (PSi) (PSI) (PSI) (%1) (W1) (%)

7 Diphobylamda 3590 2727 537 497 337 83
KKX Diphm3y 3683 3313 1018 597 510 167
UU Hwdad Birplisol 4323 1770 522 510 263 73
ZX Hinderd Baplpuol 3950 3577 653 560 360 80
T .dHmdered B m4=0 3807 1853 527 497 270 80
P Hindered Biapleol 3783 1136 500 477 193 67
CC Hindmd Bisphenol 3370 2453 457 477 297 77
DD Hindered Bsplmuol 3300 1810 413 503 250 70
BBX Hindered Phmol 4250 2630 690 560 393 90
vv HidKud Phenol 3857 2100 457 490 287 70
QQ Hindered Phol 3597 2067 517 483 283 70
FP MerwO- builmlaaol Zinc .iIUv•nU-I 3240 2760 633 537 340 113
HB Merp daqulnoline 3290 2297 600 557 337 120
Y Mervambuidasole. MBI 3787 3033 $53 550 387 127
GO Marcepttlyllmbole/Qulfolian 3200 3033 703 433 363 133
NN Mempieaolylimdamcle Zinc salt, Thf 3940 2847 533 517 350 77
VX MreapowyUnmidaxalf Zinc salt zm 3867 3373 783 $40 473 123
MX Merapotowylimidua• Zinc salt, ZMTI 3408 2958 621 537 405 90
AX Mesmpawolyiytiddaols, MT7 3630 2977 547 540 387 120
AA Memptotolylimidazoe, M1 W607 2317 497 540 383 120
Z Mermopiuizlmldamole Zinc oalt, ZMBI 3673 2703 3V7 $17 333 97
XX2 mhiloanomu 4183 2430 703 523 337 87
HH mosodlum u 3537 2447 433 510 320 63
N Mixed Ditolyl PPD 3750 1737 533 480 233 60
W Naphhylalmnie 3910 2110 337 $13 253 73
FX Naphthylasnk 3770 2733 598 490 317 77
R Phtnyl-a-Naphthylamime 3767 1170 457 480 217 60
00 Qunoulne 3977 2270 493 503 290 63
RR Quinollne 3693 2287 505 4R7 313 83
D Quinoling 3683 2540 558 457 283 671
CX Qulnoins 3655 2777 617 500 337 80
BB Qunoalins 3447 2390 503 507 297 83
HX Quinolune•ophmytami 3810 261.3 580 540 323 73
IX QuinoUdnHindsred Phenol 3933 2550 553 537 320 63
I QuinlinuIDialkyl PPD 3867 2650 510 510 317 60
B QutnoIunIDiaryl PPD 3083 2300 467 447 290 50
F Quinoll/Din aIl PPDMDIIlkyl PPD 3733 3650 993 567 517 160
oX Rx Prod of Diphmaylarmns, a e t&formaldshyde 3600 2280 637 510 347 77
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Stress relaxation measurements are often used as a general guide to aging. The measurement
basically consists of monitoring the stress in a sample while subjecting it to an accelerated aging
procedure. Under suitable conditions, when viscous flow is not dominant, it has been proposed that
the reactions within the rubber network may be related to stress changes as follows. The decay of
stress in continuous relaxation measurements provides a measure of the degradative reactions in the
network. If any new network is formed, it is considered to be in equilibrium with the main network
and does not impose any new stress. Therefore, the decreasing stress level is a measure of the
degree of chain scission, or degradation due to aging.

Stress relaxation experiments were conducted on most formulations at 250°F under a 50% strain
using a Wallace Shawbury relaxometer. This instrument provides continuous reading of stress
decay wbiile keeping a constant strain on the specimen tested. The time to reach 30% and 70%
relaxation of the original stress was determined and used to rank the oxidative stability of the
antioxidants under static, strained conditions. Table 7 exhibits these results for 95 different
antidegradants including blends of antioxidants and antiozonants. Analysis of the results shown in
Table 7 indicate that some of the most effective antidegradant included:

* Substituted paraphenylenediamines, PPDs

e Blends of carbonyl amine condensate products

* Reaction product of acetone and diphenylamine

e Mercaptobenzimldazole/Mercaptotolylidimazole

* Mixture of Mercaptotolylimidazole with polymerized dihydroquinoline

e Mixture of Quinolines with Alkyl-Aryl PPDs.

In addition, a differential scanning calorimetry curve was developed for the most effective
antioxidant systems using a Dupont 9900 Thermal Analysis System. Each material was tested using
nitrogen as the purging gas from 40*C to 400*C. Table 8 depicts the heat of reaction and the peak
temperatures of each different compound.
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Table 7. Continuous Stress Relaxation at 50% Constant Strain

FORMUATION F/FO 0230-F
ID COMMERCIAL NAME ANTIOXIDANT TYPE 70% 30%

rAgesim Stalits Dohmyluidn 225 748
1UH Ageriss SKT misacelaaeous 213 740
KR Antomils 67 Alkyl-Asyl PPD 175 668
11 Aedise StaIlts S Dlphmnaylunlnem 173 608
mm Santftex 13 Alkyl-Azyl PFD 165 598
B Antcdla2 Dialkyl PPD 15 633
1 Agerhe Superfiex Solid U/Antozhe2 Cuzbonyl-ainsn Cond Prod~imlakyl PPD 155 622
BE Andloxdat MIBIAgarit. Resin D Mere. iulmldaso9e mlnone 148 705
F Agerims Resin D/Whise/AntomimW2Almnester Qtdnlln/Dlrl PPDDiaidkyl PPD 147 593
LL Agoedts Resin D/Smwfte Alkyl-Atyl PPD/Qtzno~lno 145 718
PP Andoxidutt ZMB/Agedta Resin D Msdwchnl ldsal 7Jn salz/Quinalins 145 675
H Apents Hipe/Anton*te Blended Amni./w kyt PPO 145 578
Y Andoxidnt MB (Mobsy) NISt pobn Is.uoe MBI 143 688
Go Vowc MTIAjetlte Rtesin D Memptatoily~ldimamole~ulndihne 142 668
W Add~da 30 NaphthylamuinG 142 573
AA Vanox MTI Mercaptotokylimidszols, MrIT 140 705
EX Naugard 477 Blended Amiane 138 570

FxNaupal PAN Naphthylvanins 138 563
J3X Alseite Sitporflam Solid U/Ruin D/Vanox ýMT Cond ProdMenollneiMT 135 630
IX Naugard EXAINanugad Q QuinolilAulindeved Phenol 133 523
z Antioxidant ZN!B QMolby) Mmraaptobemniznadazols Zinc salt, ZMBI 130 628
I Smitaflex AWIAntoWie Quinoline/Dalkyl PPD 130 550
M Wlngstay 30DlAntoula2 Alkyl-Asyl PPD/DlaWyl PPD 130 535
cc Ethyl Anloxiddant 703 Hindered Blsphenol 121 585
YY Purmutax IPPD Alkyl-Aryl PPD 128 480
BB Agonite MA Quinollne 125 552
58 Pwanmuu BL CArbaoyl Amino Condensation Product 125 517
ICX Pletzone XL Alkyl-Asyl PPD 123 505
X BLE 75 Carbonyl-asnine a C densation Product 123 552
RR PosmnmulTQ QulAline 123 513
BX Vulcmnx 4020 Alkyl.ArylPPD 123 510
XOC PunnmamaDPPD DiatyI PPD 123 500
QQ Akradtun Andoxldunt 36 Hindenud Phenol 122 488
AX Vulcaoa MB.2/M0 Meraaptotolylintlduaolm YMU 120 605
Ix Flexions 12L Bland ofPPD I18 485
DiX Alefite MA/Sentoflax 13/Vasiox NIYM Alkyl-Aryl PPD/Quino~lnuIMT 117 683
PP Akrochem Antioxidant S Diphenylasnlne 115 497
V Akrodhem Andoxidutt PD-2dantafhmx 13 Alkyl-Aryl PPD 113 490
00 Akrodzem Antioxidant DQ Qudlnown 112 472
L Agent. Whies~uper Solid O/Antozdts2 Cond Prod/DiIkyl PPD/Dimryl PPD 112 450
vv Petmuiux WSL Hinderod Phenol 110 483
LX Vulcanom 4030 D~akyl PPD 110 480
DD Ethyl Antioxidant 736 Hindered Bispheowl 108 465
CX Naugard Q Qulnoumn 108 453

Vulcanox 4010 NA Alkyl-Aryl PPD 106 438
HX Naugard Q/Naazgard 445 Quinoline/Dphenylamlne 105 470
DX Naugard 445 Dlphenylamlnen 105 438
GOX Santaflex 134D/Agisrite Resin D/Vanox ZS Alkyl-Aryl PPD/Quinoine/Hlindered Phenol 102 528
WW Permimax CNS Blend of Non-staining Antioxidants 102 478
OX Naugard BXA Rx Prod of Diphmnylamlne, acatorme & 100 452

formaldehyde
K Ageuite thpar T/Santodlex AW/Antozita2 Cond Prod/Quinoline/Dialkyl PPD 98 470
KKX Agerits Ste~lt. S/Resin D/Vmnox M7TI DiphanylamineiQuinoline/MTI1 95 405
Ti' PeM~itanX WSP Hindered Bisphenol 93 428
LLX Vanox 1320Mmatoflax l3/Agerits Resin D Alkyl-Aryl PPD/Quinoline/Hhitdefed Bisphenol 92 520
NN Akrochem Antioxidant 58 Mercaptotolyllznldurole Zinc salt, ZM71 90 563
QQX Santoflex 134D/Agenlte Resin D/Vanox M71 Alkyl-Aryl PPD/Quirioline/MTI 90 503
Q Akfochen Antioxidant PD-1 Alkyl*Aryl PPD 90 392
PPx Sentoflex l34D/Agesite Resin D/Santoflex DD Alkyl-Aryl PPD/Quinoline/Quinoline 88 450
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Table 7. Continuous Stress Relaxation at 50% Constant Strain-Continued

FORMULATION FIFO 02504F
ID COMMIERCIAL NAME ANTIOXIDANT TYPE 70% 30%

T Plugamine a Blended Amhifes 88 395
UU Pomanmx WSO Hindered Bisplwdo so 383
NNX Swtluan 123D/Apdz. Resin E~VaNcu 1290 Alkyl-Aivi PP15nuinolinu/Hlndered Blsphonol 83 410
B Agenit. Redo DIWhI. Quiano~lnsaarley PPD 83 402
FX Phw.Mne IL Blond ofPPD 83 355
1VX Akrodmai. Andoxident 58 Mervaptatolylmiwddao Zinc salt, 7~MF 82 390
S Aguulme DPPD Dievy1 PPD 82 368
?Ax V~oX Z1MT Mlercspttolyllrnidazole Zinc salt. ZM'fl s0 383

MM Sontflex 134D/Agenim Resin D/mnaw 10M Alkyl-Aiyl PPD/Quino~lneiiHindmned Phenol s0 380
N VAIngutay100 Muxd DltcyyPPD s0 378

Ethmnot 330 Mis~cullaneous 78 345
CCX Antoulto 67 Alkyl-Atyl PPD 77 347
WX Amnino% M6& Condoationcu Products 75 330
RX lioutonsc XC Alkyl-Asyl PPD 75 318
HHX Ageut. Rain Dt~smtoflaa 13[Vamo MTI AiW-Aryl PPD/Qulno~lne/NMT 72 310
a Agmun~ta 72 298
C Agenits WhIte DiasylPPD 68 .112
U Agautha HPS Blended Amines 67 320
D Agsdfa Ruin D Quinnuin 65 403
p Aknodwni Andouidaut 2246 Hindered Blophmnol 65 320
R Akradwmn Anticouldmt PANA PhenyI-4-NAphdylamnin 63 285
SIX SwMtfe 13/Agwitw Resin D/D7DTDP Alkyl-Afyl PPD/Quiroino~n 62 353

RMX Sanolexw 134D/Auidto Resin D/Smntclex 13 Alkyl-Aryl PIOD/QuinolinslAlkyR-Ayty PPD 60 Z7s
zX Ethmnox 702 Hindered Blphuowl 58 252
ox Porumansx BL, Cuzbonyl-umnlns Condiuaution Product 58 215
0 OctA~sue Dipluenylamnen 57 310
DDX BLB 25/Peasmins G Carbonyl-amnsn Cond Prod/Blended Amino 55 230
BDX Ethanox 701 Hindered Phenol 52 245
AAX Ethoano 744 47 223
Ix Plenco eIIL Blood ofPPD 45 190
A None 40 238
QX Pkaenoee6H AlkyR.Aayl PPD 40 I80
UX Plexzone HSi 40 ISO
FpX Smntoflsa 13/Ageuita Resin D Allkyl-Aryl PPDt~uinoline 33 168
COX Santoflax 131Aguiue MA Alkyl.Aryl PPD/Qino~lne 33 138
SX Flezzne 4L Dialkyl PPD 33 115
BEX Suitoflex 13 Aikyl-Aryl PPD 30 140
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Table 8. Differential Scanning Calorimetry Data

PEAK
FORMULATION TEMPERATURIC MINOR EVECNT

ID COMMEZRCIAL NAME (C) JOULES/G (C) JOULEWG

LL Aprift Reido milafll 336.6 42.01 210.74 3.10
LLX %=~ 132=,mwcdu 13/AUUII.Reuin D 394.45 53.16 219.01 0.338

DX Apfti Supali Solid M~aim D/uamz M71 368,6 55.3
Em Smioluam Is 3PJ.83 56.2 211.66 3.635
RIX Smo*m" 134D/Asuiss Rouin Dflmatofluz 13 391.57 36.6 213.36 3.42S
HHX Aull" Ruin Dj~muMl 13/Vornz MTT 396.46 63.39 112.76 4.011
DDXC BLE2 PMuimdom 392.62 66.93 211.66 2.572
0CC AWNbSSait 11toolu DIV= mMT 388.65 69.61 208.65 3.317

K Agulto Hip. Ti~mnuf AWIAftoI 289.44 69.74
Oox Smioofua 134D/Agudam Rain DIV== mZS 390.75 74.81 160.57 10.13
GG)X Smutlofi 13,Aloims MA 393.11 75.13
QQX Sumoiua 134D/Aguias Rain D/YaMu M77 389.93 75.26 159.71 2,594
MMX Smntolisa 134D/Asprils Redo DiVmno IM0 331.46 75.97
v Akro.Im Aathoxidmt PD-2P~mtoflua 13 3N8.44 76.01 212.76 4.296
BE Aw iMluIdmtBAgwits RodoD 390.41 76.91 21054 3,711
PPX Sollofla 134D/Agedia Ruin Dimaloluz DD 389.27 81.16 205.53 7.763
DX Aprils M.A/Santails 13/Vanan M71 391.22 82.46 210.3 1.7
ssx Smnwflu 13/Apeat Ruin D/DTDTDP 391.17 833.5 210.74 2Z204
P Agedas Resin DIWhM/Anwo".2Aounutor 390.8 33.B5
00 Vam MMI7ApethRasinD 388.02 9519 209.26 4,154
PP AndAoZidont ZMB/ApriteRuain D 103.03 96.37 211.9 3.348
A Nang 338.2 103.3 163.32 4.519
NNX Imstafli 134D/Agwdi Reuds D/Vanaa 129 334.03 121.5
H Apilw Hipar/Arnorzle 389.38 132.5 212.56 1.324
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DISCUSSION OF RESULTS

An important finding among the group of antidegradants used was the apparent synergistic effect
exhibited by MTI and a diphenylamine in formulation KKX. The tensile strength retention for this
compound at 250*F was 27.7% (as shown in Table 3) which was far superior than any one of the
antioxidants in the mixture by itself. Compound KKX contained a blend of Agerite Stalite S,
Agerite Resin D, and Vanox MTI. These individual compounds produced lower tensile retention
values than when combined. Compound H represents Agerite Stalite S by itself which produced a
13.6% retention, Compound D represents Agerite Resin D by itself which produced a 15.2% tensile
strength retention, and Compound AA represents Vanox MTI by itself which produced a tensile
strength of 13.8%. The synergism was even more pronounced with the mixture of PPD and TMQ as
exhibited in Formulation LL. Compound LL produced a tensile retention at 250OF of 28%. Even
though Santoflex AW was not tested alone, the combination produced a signficant improvement
over Agerite Resin D by itself which produced only 15.2% retention. On the other hand, only one
mixture of antioxidants behave in an antagonistic way. Compound V exhibited one of the lowest
tensile strength retention at 250*F, only 8.2%, when compared with compound EEX containing
Santoflex 13 which exhibited a retention of 17.3%. Table 4 presents the data for all compounds in
decreasing order of tensile strength retention at 2500F.

Figures A-1 through A-11 (see Appendix) show the tensile strength data for different groups of
antioxidants and mixtures. It is evident that the quinolines ('MQ and ZMTI) exhibit the best tensile
retention after aging, while the naphthylamines produced the lowest retention after aging at 250*F.
Figures A-12 through A-22 exhibit the ultimate elongation for the antioxidants, while Figures A-23
through A-33 show the product of tensile and elongation at 250*F. Nonetheless, the best retention
of properties was achieved by mixing two or more antioxidants in a given formulation. This is
demonstrated in Table 9 which presents the data for all the mixtures. It is important to note that
some of the compounds that exhibit high tensile strength retention after aging at 250*F produced
low original tensile strength. This is likely to be due to further cross-linking upon aging.
Compounds with tensile retention in the order of 30%, 40%, and 50% produced the lowest original

* tensile strength, at a level not deemed adequate for tank pad applications. On the other hand, the
group of compounds with tensile retention after aging at 2500 F between 20-30% produced a good
balance of properties. Significant among this group are compounds F, KKX, LL, RRX-all of
which contain a mixture of a quinoline and a substituted para-phenylenediamine.

Table 8 depicts the data obtained from the differential scanning calorimetry test, DSC. The peak
temperature and the heat of reaction related to the oxidative cross-linking and the oxidative
degradation reactions are listed in decreasing order. The thermograms for the compounds listed in
Table 8 are illustrated in Figures A-34 through A-57. In most of the compounds, two exotherms are
evident in a nitrogen inert atrhosphere. The initial exotherm, which occurs in the 180-200*C region
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Table 9. Antioxidant Combinations

TENSILE STRENGTH ULTMATE ELONG RETENTION

FORMUATION 011G0 2W7 0110 280F TENSILE ELONGATION
ED COMMERICAL NAME (PSI) (PSI) M% M~ M* W%

QQX Soaiclm 134D/AgwtaRSIuDNWKmM77 1567 $38 417 140 53.5 33.6
QOX Sedtnu 134D/AgmResin D/tVnoZS 1350 773 417 t00 41.8 24.0

l Agate MA/SanaOM~ IjVaaaaI MI 1983 803 503 130 40.5 25.3
P Sauiollax 134D/Aglis Ratin D/Soanzam DO 2000 733 470 107 3V. 22.8

D)X Agaeia Sqtufm Solid ON.m DjVmsm hMT 2217 790 430 123 35.6 25.6
MMx S~afinu 134D/AgwkaeRuin D/Vaao 101 2200 767 460 97 34.9 21,1
NNX SwAdclex 134D/Atwhei R"si D/Maa 1290 223 765 470 971 33.5 20.6
LLX Vumi 132W0wMWUlm 13/Aprift Resi D 2333 794 4V7 113 33.3 23.2
OOX Smuiila l3IAgfia MA 2667 757 533 103 21.4 19.3
LL. Agessitsuinla~mds 3327 M3 533 143 23.0 24.5
KIOC Asube a s1IasojnmDfW= oMI 3663 1018 597 167 27.6 28.0
F AgateIta han D/fhtle/AIfoslt~~unaur 3733 M9 s67 160 26.6 28.2

00 Vwno MflAgsrlif Ruesi D 3200 703 433 133 22.0 30.7
DOX BLS 2S/Flsxift 0 3633 775 560 98 21.3 17.5
RRX Suieflox 134D/Agerh Rusin DjSseaaIu 13 3967 313 510 97 20.S 1910
pp AzkIhddnZlvfIApsthe Itin D 3240 633 537 113 19.5 21.0

SIX ISuldlax 13/Agwuli Resin DMDTDTP 4133 737 523 97 18.3 13.5
BB Andaodduas MB/Ageili Rein D 3290 600 557 120 13.2 21.5
IOIX Agates Rain D/Sa"M flIjVmmo M77 4133 153 57 90 13.0 15.7
1H Agaent HiperfAntov~al 3700 637 493 37 17.2 17.6
IC Agatle H1 IpaTSmitfl AW/Anwt*2ta 3575 590 5oo 37 16.5 17.4

L Agaedl WhiWeSupan Soli 0/AItne 3767 620 510 33 16.5 16.3
IMX Sawaflmx 13/Agv edt. D~si 3950 650 543 90 16.5 16,6
MX Nougard Q~Naqur445 3310 530 540 73 15.2 13.5
1 AgaatelupVdfaxSo~lid /Alcst 3625 550 510 83 15.2 16.3
B AgadteRaainD/White 3063 467 447 50 15.1 11.2
AX VulcamanMB.IM 3630 547 540 120 15.1 22.2
M Wlnpaay 300/A1ols 3733 540 513 67 14.5 13.1
ix Naugard BXA/i~m&W rQ 3933 553 537 63 14.1 11,7
1 Siwoflu AW/Anotiua2 3367 510 510 60 13.2 111$
v Akmodumn Analadcx m PD.2/Santoflax 13 3687 303 510 73 8.2 14.3
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relates to the multiplicity of vulcanization reactions. The second exotherm which occurs in the 350-
450TC region relates to the polymer degradation or chain scission. Compound LL depicted in
Figure A-34 shows the lowest degradation exotherm from the compounds with antioxidant mixtures.
Compound LL was also the compound that produced the best synergistic effect of antioxidants.
Compound QQX, depicted in Figure A-45, with a mixture of three antioxidants was the only one
producing a melting endotherm.

SECTION IMI CONCLUSIONS

Very little correlation was found between tie different methods used to rank the antioxidant
efficiency. Thermal analysis provided information on thermal degradation in an inert atmosphere
with temperatures high enough to activate cross-linking reaction. Oven aging was the more
common of all tests conducted, but careful interpretation of the results is necessary since tensile
strength and elongation retention did not always point in the same direction. On the other hand,
stress relaxation provided an aging environment with the specimens under constant strain, a more
realistic scenario. Nevertheless, regardless of the method of evaluation, the substituted phenylene
diamines and the quinolines were the antioxidant groups With the best performance. In many cases,
the combination of one or more of these compounds produced excellent results. The substituted
paraphenylene diamines protected the rubber vulcanizates against ozone and oxygen, as well as
fatigue, heat, and metal ions. Santoflex 134D was outstanding among the group, closely followed
by Agerite White.

To achieve the maximum high temperature protection for tank pad vulcanizates, the optimization of

a given antioxidant system is necessary. Some of the best candidates of antioxidants include:

1. Agerite (Stalite, Resin D, Superflex Solid G, MA, White and Hipar T].

2. Antozite 2 and Antozite 67

3. Santoflex 13 and Santoflex 134D

4. Vanox [MTI, ZS, 102, 1290. 1320]

5. BLE 25

6. Flexamine 0
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